The inhibition effect of hexadecyl pyridinium bromide (HDPB) as a cationic surfactant on the corrosion behavior of some Egyptian austenitic stainless steel SS 304L, SS 316H and SS 304H in 0.5 M H 2 SO 4 solutions was investigated by using potentiodynamic polarization technique and electrochemical impedance spectroscopy (EIS). The results indicate that HDPB is a good inhibitor for the samples under investigation in 0.5 M H 2 SO 4 solutions. In addition, the inhibition efficiency g% increases with the inhibitor concentration while decreases with the increasing temperature referring to physical adsorption. The adsorption of the inhibitor obeys a Temkin adsorption isotherm. Polarization curves show that HDPB is a mixed inhibitor in H 2 SO 4 solutions. The results obtained from polarization and impedance measurements are in good agreement. Activation-free energies, enthalpies, and entropies for the inhibition process of HDPB were determined.
Introduction
Due to its wide applications in industry, the electrochemical properties of austenitic stainless steel are the subject of many studies (Abd El Rehim et al., 1985; Ibrahim et al., 2002 Ibrahim et al., , 2008 Yang and Luo, 2001; Rybalka et al., 2006; Ameer et al., 2004) .
During industrial-cleaning processes, such as: acid descaling, acid pickling, oil-well acid in oil recovery process, and in petrochemical processes, the use of sulfuric acid and hydrochloric acid leads to destructive effects on the metal surface. Therefore, inhibition of corrosion is clearly very essential. Surfactants represent an important category of organic compounds, which are used widely in industry especially in electrodeposition of metals (Ibrahim, 2000a,b; Ibrahim et al., 2004 Ibrahim et al., , 2006 and as corrosion inhibitors for metals in different acidic solutions (Abd El Rehim et al., 2008; Tavakoli et al., 2008; Saleh, 2006; Abd El Maksoud, 2004) . The inhibition properties of the surfactants are frequently defined at a specific concentration of the surfactant called ''the critical micelle concentration'' CMC. At the CMC, a surfactant is capable of forming micelles (ordered structures), which exist together with isolated molecules in solution in an equilibrium controlled by hydrophobic interaction between surfactant hydrocarbons' tails and the solvent, together with attractive hydration and repulsive electrostatic forces on the hydrophilic heads.
In sulfuric acid solution, cationic surfactant has a lower extent of adsorption due to low adsorbability of the SO 2À 4 ions (Frignani et al., 1983; Bentiss et al., 2001) . However, in the presence of halide ion either as a counter ion or in solution, it helps to increase the extent of adsorption due to the wellknown synergistic effects (Schweinsberg and Ashworth, 1988; Popova et al., 2003) . The presence of p-bonding electrons via aromatic ring in the molecular structure of the cationic surfactant has a great influence on the mode and the extent of adsorption of the cationic surfactant on metal surface.
The objective of the present work was to study the applicability of HDPB, cationic surfactant, as a corrosion inhibitor for SS 304L, SS 316H and SS 304H samples in sulfuric acid solutions. It is also aimed to predict the thermodynamic feasibility of adsorption of the inhibitor molecule on SS surface and to study its adsorption behavior.
Experimental
The austenitic stainless steel samples used in the present work were produced in the induction furnace of the Modern Foundries Company, Giza, Egypt. The working electrode was in the form of rod (5 mm diameter) and was enclosed in a Pyrex glass tube sealed with Araldite to offer an exposed surface area of 0.28 cm 2 . The chemical composition of these alloys is given in Table 1 .
The electrode was abraded with a series of emery papers, from a coarse grade 500 and proceeding in steps to fine grade 1500, washed thoroughly with doubly distilled water, and then introduced into the test solution. A platinum wire was used as a counter electrode. All potentials were measured against a saturated calomel electrode. The measurements were carried out in three-electrode cell by using a computer-assisted Potentiostat ACM. The cell was placed in a water thermostat to attain the required temperature ±1.0°C. All solutions were freshly prepared from analytical grade chemicals and doubly distilled water. The aqueous corrosion behavior of the alloys was studied by using potentiodynamic polarization technique and the electrochemical impedance spectroscopy (EIS). The potentiodynamic polarization (E/j) curves were recorded by sweeping the potential from the starting potential towards more positive direction (from about À700 mV to about À250 mV) with a scan rate of 20 mV s À1 . EIS measurements were carried out in a frequency range of 30 kHz to 1 Hz using an amplitude of 10 mV peak to peak using AC signal at the open circuit potential. Duplicate experiments were carried out to ensure reproducibility. The numerical values R ct and C dl for the present systems were determined by an analysis of Nyquist and Bode plots and the equivalent circuit was determined by means of a computer program ACM Instrument-Gill AC automated potentiostat ZRA EIS/AC Impedance Galvanostats and LPR meters. The hexadecyl pyridinium bromide, HDPB (C 21 H 38 BrNAEH 2 O) has the following structure:
Results and discussion

Potentiodynamic polarization measurements
Figs. 1-3 show the potentiodynamic cathodic and anodic polarization curves for SS 304L, SS 316H and SS 304H samples in 0.50 M H 2 SO 4 solution in the absence and presence of various concentrations of HDPB (10 À6 to 3 · 10 À2 M) at 25°C. The curves were swept starting from negative potential and going to the positive direction with a scan rate of 20 mV s À1 . The electrochemical parameters, corrosion potential, E corr and corrosion current j corr derived from these curves were obtained and listed in Table 2 . Fig. 1 shows the potentiodynamic polarization curves for SS 304L sample in 0.50 M H 2 SO 4 solution. It is clear that the addition of low concentrations of HDPB (10 À6 -10 À4 M) to the acid solution decreases the hydrogen evolution potential, but has no significant influence on the dissolution potential. However, high concentrations of HDPB enhance both the cathodic and anodic potentials. Data of Table 2 show that the presence of these low concentrations of HDPB in the solution increases the value of j corr indicating acceleration of corrosion. The acceleration effect of this surfactant decreases with increasing its concentration. Acceleration of corrosion in the presence of low concentrations of surface-active compounds with long chain alkyl group in H 2 SO 4 solutions has been reported previously (Larabi et al., 2004; Podobaev and Stolyarov, 1971 ). The acceleration may be due to the decrease in the potential of cathodic hydrogen evolution. It may also be due to the adsorption of impurity particles on the alloy surface, which reduces the metal binding energy and thus affects the magnitude and mechanism of hydrogen overpotential ( Riggs, 1973) . However, concentrations of HDPB higher than 10 À3 M decrease the value of j corr , for SS 304L indicating corrosion inhibition. In the case of SS 316H and SS 304H (Figs. 2 and 3), it was found that at all concentration ranges studied, even the smallest one, HDPB causes inhibition of corrosion. The inhibition function of this compound is due to its adsorption on the stainless steel surface and the blocking of the active site. Moreover, it is observed that the presence of various concentrations of this inhibitor has no remarkable effect on the values of corrosion potential, E corr , indicating that this inhibitor is a mixed-type inhibitor. The values of b c and b a (b c % 791 and b a % 707 mV decade À1 ) remain almost unchanged with the variation of HDPB concentration. Such behavior demonstrates that the presence of HDPB in the solution has no effect on the mechanism of the dissolution process of the samples, but the adsorbed surfactant molecules mechanically screen the coated part of the electrode and, therefore, protect it from the action of the corrosion medium. The inhibition efficiency, g%, of HDPB for the corrosion of SS 304L, SS 316H and SS 304H samples in 0.50 M H 2 SO 4 and at 25°C was calculated using Eq. (1) and the calculated values are listed in Table 2 :
where j o corr and j corr are the corrosion current density values in the absence and presence of HDPB in H 2 SO 4 solution, respectively, determined by extrapolation of the cathodic and anodic Tafel lines to the corrosion potential.
As shown in Table 2 , the inhibition efficiency increases with an increase in the inhibitor concentration and tends to reach the maximum values near its critical micelle concentration, CMC. The increase in the g% with inhibitor concentration is due to an increase in the degree of surface coverage. At a certain concentration, near its CMC, higher efficiency appears which may correspond to the formation of bimolecular layer at the electrode surface (Elze and Fisher, 1952) . Indeed, it was shown that surfactant inhibitors give a maximum inhibiting effect at critical micellar concentrations (Hajjaji et al., 1993) . Comparing the values of g% for the three samples at a given concentration demonstrates the following sequence: SS 304H > SS 316H > SS 304L.
Figs. 4-6 depict the influence of temperature (25-75°C) on the potentiodynamic polarization responses for SS 304L in 0.50 M H 2 SO 4 solution in the presence of 10 À2 M HDPB and for SS 316H and SS 304L, respectively, in 0.50 M H 2 SO 4 solution in the presence of 10 À4 M HDPB. The results denote that both cathodic and anodic potentials decrease with an increase of temperature. In addition, increasing the temperature shows that the inhibitor has prevalent effect on the cathodic polarization with respect to the anodic one. The elec- trochemical parameters, E corr and j corr were calculated from Tafel plots and the results are given in Table 3 . Inspection of the data reveals that an increase of temperature shifts the values of E corr to more positive potentials. On the other hand, the values of j corr increase with the increasing temperature as a re-sult of the higher dissolution of the three samples at higher temperatures. It is clear that the inhibition efficiency decreases with an increase in temperature, indicating that the adsorption of the inhibitor on the alloy surface belongs to physical adsorption (Table 3 ). The thermodynamic functions for the dissolution of the different SS samples in 0.5 M H 2 SO 4 in the absence and presence of various concentrations of HDPB were obtained by applying the Arrhenius equation (2) and transition state equation (3), respectively, after replacing the rate of reaction in Arrhenius and transition state equations by j corr in the present study:
where E o a is the apparent activation energy, R is the universal gas constant, A is the Arrhenius pre-exponential factor, DS a is the change in entropy of activation, DH a is the change in enthalpy of activation, h is Planck's constant and N is the Avogadro's number.
According to Eq.
(2) the apparent activation energy E o a can be obtained by plotting log(j corr ) against 1/T as shown in Fig. 7 . However, a plot of log(j corr /T) against 1/T according to Eq. (3) should give a straight line with a slope of ðÀDH a =2:303RÞ and an intercept of ðlog R=NhÀ DS a =2:303RÞ as shown in Fig. 8 . The activation energy E o a in the case of SS 304L was found to be 8.8 kJ mol À1 , in the absence and 13.6 kJ mol À1 , in the presence of HDPB. For SS 316H, it was 11 kJ mol À1 , in the absence and 14.7 kJ mol À1 in the presence of HDPB. Finally, in the case of SS 304H, it was 6.8 kJ mol À1 in the absence and 18.8 kJ mol À1 in the presence of HDPB. These results mean that the addition of HDPB to the acid solution increases E o a and the extent of the increase is proportional to the inhibitor concentration, indicating that the energy barrier for the corrosion reaction increases with HDPB concentration. In other words, the corrosion reaction will be further pushed to the surface sites that are characterized by progressively higher values of E o a as the concentration of the inhibitor in the acid solution becomes larger.
The entropy of activation DS a in the absence and presence of HDPB is large and negative (Table 4 ). This implies that the activated complex in the rate determining step represents an association rather than a dissociation step, meaning that a decrease in disordering takes place on going from reactants to the activated complex (Frignani et al., 1983; Bentiss et al., 2001) .
In systems where temperature increases result in lower protection efficiency, a negative DH ads is expected. This means, weaker surface interactions at high temperatures. Finally, the magnitude of the difference between the enthalpy or entropy of activation in the presence and absence of inhibitor is a measure of its degree of inhibition. A higher difference means better inhibition and vice versa. In the present study, the physisorption is evident from the decrease in inhibition efficiency with temperature; the apparent activation energy of the corrosion is higher in the presence of HDPB than in its absence and the low positive value of DH ads .
Electrochemical impedance measurements
In order to gain more information about the corrosion inhibition phenomena, electrochemical impedance spectroscopy (EIS) measurements were carried out for the three stainless steel samples in 0.50 M H 2 SO 4 solution. Figs. 9-11 show the EIS spectra; Nyquist complex planes and Bode phase angle diagrams for SS 304L, SS 316H and SS 304H samples, respectively, in aerated 0.50 M H 2 SO 4 with and without various concentrations of HDPB at 25°C and at OCP as a function of frequency (30 kHz to 1 Hz). The equivalent circuit models used to fit the experimental results are given in Fig. 12 as previously reported (Al Sayed, 1996; Sekine et al., 1992) . Charge-transfer resistance (R ct ), double layer capacitance (C dl ) and the charge transfer kinetics of SS alloys were determined using EIS-measurements and the data are listed in Table 5 . The equivalent circuit model in Fig. 12(a) can be given in a simplified equivalent circuit model as in Fig. 12(b) . The measured complexplane impedance plot is similar to that calculated by the equivalent circuit model. It is worth noting that in case of SS 304L, the low concentration (10 À6 -10 À3 M) of HDPB gives low values of R ct (lower than that of the blank) and high values of the C dl (higher than that of the blank) indicating acceleration of corrosion. However, higher concentrations of HDPB leads to an increase in the value of R ct and a decrease in the value of C dl . The decrease in C dl values with HDPB concentration indicates as increase in the surface coverage of the inhibitor. These results agree well with the data obtained by potentiodynamic polarization measurements. On the other hand, it is observed that in the case of samples SS 316H and SS 304H, the values of R ct increase while those of C dl decrease with increasing the inhibitor concentration in all the solutions studied. The addition of HDPB to the solution does not alter the profile of AC impedance displaying similar mechanisms for corrosion of these samples in the uninhibited and inhibited solutions. The capacitance loop of Nyquist plot is a depressed semicircle in all cases. The increasing compactness of the film is confirmed by the Nyquist plots. They always present a semicircle, which is more depressed with increasing the concentrations of the inhibitor. According to the literature this is attributed to the formation of a film of increasing compactness (Schiller and Strunz, 2001) .
The inhibition efficiency, g%, calculated from the EIS measurements was given by the following equation:
where R o ct and R ct are the charge-transfer resistances for uninhibited and inhibited solutions, respectively.
It is found that g% enhances with inhibitor concentration and tends to reach a maximum at CMC of HDPB (Table 5 ). It is clear that the values of g% determined by the two different methods are comparable and agree well.
The effect of immersion time (0-120 min) on the performance of HDPB inhibitor on the corrosion behavior of the three samples was investigated in 0.50 M H 2 SO 4 containing (2) 10 À6 M;
(3) 10 À5 M; (4) 10 À4 M; (5) 10 À3 M; (6)10 À2 M; (7) 0.02 M HDPB.
10 À2 M HDPB for the SS 304L and 10 À4 M HDPB for SS 316H and SS 304H at 25°C by AC impedance at OCP (Table  6 ). The impedance parameters R ct , C dl and g% were determined at various time intervals for the three stainless steel samples. The dependence of g% on the immersion time is shown in Table 6 . It is clear that at first, the inhibition efficiency increases with immersion time up to a certain critical time, which depends on the composition of the sample. Beyond this critical time, it deteriorates. The increase in the inhibition is due to an increase in the surface coverage. The deterioration in g% can be correlated to an increase in corrosion products in the solution (Horvath et al., 1994) and also to increase in the real surface area by time (Singh and Gaur, 1995) .
Adsorption isotherm
In order to get more knowledge about the mode of adsorption of HDPB on the surface of the three SS samples, the data obtained from the potentiodynamic polarization and AC impedance techniques have been tested with the well known adsorption isotherms. Temkin isotherm (Eq. (5)) was found to fit well the experimental data
where h is the degree of surface coverage by HDPB molecules (h = g /100), a is the molecular interaction parameter, which depends on the lateral interaction force among the adsorbed inhibitor molecules on the surface and on the degree of heterogeneity of the stainless steel sample, C is the concentration of HDPB in the solution and K is the equilibrium constant for adsorption process of the inhibitor. It was found that the plot of h against C shown in Fig. 13 using polarization as well as impedance techniques obeys Temkin adsorption isotherms for adsorption of the HDPB at 25°C on the surfaces of SS 304L, SS 316H and SS 304H in 0.50 M H 2 SO 4 . The calculated (2) 10 À6 M;
(3) 10 À5 M; (4) 10 À4 M; (5) 10 À3 M; (6) 10 À2 M; (7) 0.02 M HDPB.
Figure 12
Equivalent electronic circuit model (a) can be given in a simplified equivalent circuit model (b), R s and R ct are the solution and charge transfer resistance, respectively. C inhibitor is the capacitance of parts that the inhibitor is adsorbed. C 0 dl is the capacitance of parts that the inhibitor is not adsorbed and C dl is the apparent double layer capacitance. values of the interaction parameter a, the adsorption equilibrium constant K, and the free energy of adsorption DG ads at different HDPB concentrations using Temkin isotherm for the three alloys are given in Table 7 .
The equilibrium constant K is related to the free energy of adsorption, DG ads , by the following equation (Do, 1998):
where R is the universal gas constant and T is the absolute temperature. It is clear that the value of the lateral interaction parameter a increases from alloy SS 304L to SS 304H. The calculated values of DG ads are low and negative suggesting that the nature of the inhibitor adsorption is mainly physisorption and spontaneous. The negative values of DG ads as well as the values of K increase from sample SS 304L to sample SS 304H.
In general, the adsorption processes of the organic inhibitor are affected by several factors, such as; the nature of the metal surface, the chemical structure of the inhibitor, the distribution of the charge in the molecule, the type of aggressive electrolyte and the type of interaction between the inhibitor molecule and the metallic surface (Zucchi et al., 1992; Bockris and Yang, 1991; Kertit et al., 1989) .
On the other hand, the addition of HDPB will introduce Br À anions to the sulfuric acid solution. Br À anions will be the first adsorbed at the electrode/solutions interface through electrostatic attraction and create an excess negative charge toward the solution phase and favor more adsorption of positively charged quaternary ammonium cations. Thus, the quaternary ammonium cation will be electrostatically adsorbed on the electrode surface covered with primarily adsorbed bromide anions. In addition, the adsorption of HDPB molecules on the stainless steel surface may take place through the donor-acceptor links between the p-electrons of Figure 13 Curve fitting of (a) potentiodynamic polarization and (b) impedance data obtained for the three alloys in 0.50 M H 2 SO 4 solution containing various concentrations of HDPB to Temkin adsorption isotherm at 25°C. 3.9 · 10 11 9.48 · 10 10 À74.8 À72.6 25.9 25.3 the pyridinium ring and the empty d-orbital of the Fe atom of the stainless steel. The adsorption of HDPB at the electrode solution surface cannot be simply considered as an electrostatic adsorption attributed to the synergistic effect of Br À ions, the adsorption of the hydrocarbon chain on the electrode surface must be considered at the same time. Compared with SDS ðC 12 H 25 SO À 4 Þ ions, the head of HDPB is larger and the hydrocarbon chain is longer. This may explain why the g% of HDPB is much higher than that of SDS for the corrosion of the three stainless steel samples in 0.50 M H 2 SO 4 (Ibrahim et al., unpublished data) .
Conclusions
(i) HDPB behaves as an inhibitor for the corrosion of the Egyptian austenitic stainless steels SS 304L, SS 316H and SS 304H in 0.5 M H 2 SO 4 solution. (ii) HDPB molecule is found to affect both the anodic and cathodic processes by simple blocking of the active sites of the metal, i.e. HDPB is a mixed inhibitor. (iii) The inhibition efficiency increases with increasing inhibitor concentrations while decreases with increasing temperature. (iv) The results of electrochemical impedance spectroscopy techniques and Tafel polarization measurements are in good agreement. (v) The inhibition is due to the adsorption of the inhibitor molecules on the samples and the blocking of active sites. (vi) The adsorption of HDPB inhibitor on the stainless steel surfaces in 0.5 M H 2 SO 4 solution obeys a Temkin adsorption isotherm. (vii) Activation-free energies, enthalpies, and entropies for the inhibition process of HDPB were determined.
